A comparison of possible undulator designs for the International Linear Collider positron source has resulted in a super-conducting bifilar wire design being selected. After a comprehensive paper study and fabrication of the two pre-eminent designs the super-conducting undulator was chosen instead of the permanent magnet alternative. This was because of its superior performance in terms of magnetic field strength and quality, operational flexibility, risk of radiation damage, ease in achieving the required vacuum and cost. The super-conducting undulator design will now be developed into a complete system design for the full 200 m long magnet that is required.
I. INTRODUCTION
The baseline design for the International Linear Collider (ILC) positron source is based on multi-MeV photons pair producing in a metallic target [1] . The photons are created by the main electron beam passing through a helical undulator. A source of this kind was first described in 1979 [2] and was adopted for the TESLA collider design as an upgrade to polarized positron production [3] .
For the ILC design the high energy (∼150 GeV) electron beam from the electron linac passes through a helical undulator generating ∼10 MeV synchrotron radiation at the first harmonic cut-off. (In the TESLA design, for which this work initially started, the undulator was at the 250 GeV point in the linac and was optimized to produce ∼20 MeV photons at the first harmonic cut-off.) If the circularly polarized (CP) radiation from the helical undulator is selected, for example by photon collimation, then this polarization is transferred to the electron-positron pairs and a polarized positron beam can be generated. The higher the CP rate of the photon beam then the higher the polarization of the resultant positron beam.
Theoretical studies and computer analyses have shown that a polarised positron beam could greatly enhance the physics reach of the ILC [4] . Table I gives the baseline parameters for the ILC [1] . This is because simulation of the source is a multi-dimensional problem with many cross-talking parameters, e.g. the target material and thickness, positron capture efficiency and degree of photon collimation. However increasing the length of the undulator will solve most problems. For example if the degree of circular polarization is not high enough then more photon collimation will be required therefore an increased length of active undulator will be required to maintain the positron intensity. The length of undulator required is ∼100 m for an unpolarized positron source and is anticipated to be ∼200 m for a polarized positron source, although these numbers depend upon many assumptions that have yet to be confirmed, such as the performance of realistic undulators.
Recently a proof of principle experiment, Experiment-166 [5] , demonstrating polarized positron production using a helical undulator has been completed at the Stanford Linear Accelerator Center. Initial results indicate polarized positrons were created and detected [6] .
The aim of this work is to explore possible undulator designs and assess their suitability. The issues that are of obvious concern are, the ease of fabrication of the undulator, achieving a suitable magnetic field strength and quality and the operational reliability and flexibility of the device. The other important issue is achieving the vacuum specification of for the damping rings and the auxiliary electron source represents a low intensity conventional positron source to be used when the undulator source is not functioning. ion instability at an acceptable level. This is challenging due to the narrow-gap vessel that needs to be be used to achieve the high magnetic fields needed in the device.
II. UNDULATOR DESIGN
In the ILC baseline design a helical undulator with a period, λ u = 10 mm and an undulator K parameter of 1 is assumed. Where K is a dimensionless parameter that is defined as:
where B is the peak on-axis magnetic field, m e is the electron mass, e the electron charge and c the speed of light. The maximum angle of deflection experienced by an electron in an undulator is given by the K parameter divided by the relativistic γ of the electron.
A helical undulator with these parameters has not been experimentally demonstrated yet.
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A. Pure Permanent Magnet Designs
Synchrotron light sources have used planar arrays to produce on-axis helical field distributions for over 20 years. For light sources the planar configuration suits the large horizontal to vertical beam size ratio. Planar helical undulators offer a number of advantages as they are a proven technology with well understood engineering solutions. They also allow easy access to the vacuum vessel which is required if a non-evaporable getter (NEG) coated vessel is used. Three different planar helical PM undulators were considered, the multi-mode undulator [7, 8] , the APPLE-II [9] , and a new APPLE design, the APPLE-III [10] .
A helical field can also be created by using an array of stacked dipole rings in which the dipole field is rotated from ring to ring. Each period of the undulator is divided up into rings. Each ring is comprised of trapezoidal PM blocks that produce an on-axis transverse dipole field by rotation of their magnetization vectors by 4π radians around the ring [11] (shown in FIG. 2 for 8 magnet blocks in a ring). The dipole field of each ring is rotated with respect to the preceding one so that over one period the total rotation of the on-axis dipole field is 2π radians [12] .
The different undulator designs were modeled in the magneto-statics code Radia [13] to find the peak on-axis magnetic field, B. In all cases the minimum magnetic gap, or aperture in the ring undulator was chosen to be 4 mm. The planar undulators were modeled in circularly polarizing mode. as there is magnetic material surrounding the vacuum chamber driving more flux into the aperture.
The multi-mode undulator has 6 arrays compared to the APPLE-II and APPLE-III's four arrays which means it can produce a high on-axis field in circularly polarizing mode. The APPLE-III design has notches cut into the magnet blocks so they are closer to the magnetic axis giving a higher field on-axis than the APPLE-II design. To minimize the total length of undulator required the 14 mm period PM ring undulator was chosen. (N.B. some of the parameter choices made in this study reflect the fact that this work was initially started for the TESLA project, and may not be fully-optimised for the ILC baseline.)
To achieve the specified vacuum in the vessel of 10
mbar (CO equivalent) the vacuum vessel would need to be coated with a NEG coating. NEG coating requires activation by high temperature bakeout and so access to the vessel, with no surrounding magnetic material would be required. Therefore the undulator was designed to be split into two halves, since the temperature required to activate the NEG would otherwise demagnetize the PM blocks.
To keep the design regular (i.e. smooth along the faces of each half) the number of blocks per ring must be an even number and must be a multiple of the number of rings per period.
Another issue that was considered was the magnetic force between the arrays. The force between the two undulator halves can be considerable and depends on the detailed configuration of the magnet blocks. Figure 4 shows the magnet forces between the arrays for ten periods of a 14 mm period device as a function of the array gap. The first number The tolerance on the deviation of the magnetisation vector direction from the ideal direction was specified to be ±3
• , after thermal stabilisation, compared to ±1.5
• commonly used in undulators for synchrotron light sources. This is because it would have been difficult to do much better due to the block geometry (without excessive costs). It was also decided that no block sorting algorithm would be used. Typically undulator magnet blocks are sorted (i.e. their exact orientation and position in the undulator array is specified) to minimize a weighted objective function comprised of field integrals, phase errors and other relevant parameters. This process is time consuming and for undulators in excess of 100 m long this procedure is impractical. For this design there would be nearly a half million magnet blocks to sort for 100 m of undulator. This approach has also been proposed for the XFEL undulators that are of a similar scale [14] . 
B. Super-Conducting Magnet Design
This design is based on two helical super-conducting windings wound around a vacuum vessel. The windings are spatially shifted a half period in the longitudinal direction and current is passed through each winding in opposite directions. With current flowing the on-axis longitudinal magnetic field cancels leaving only a helical transverse field. A number of devices have been made in this manner, [15, 16] .
Extensive magnetic modeling was carried out in order to select the winding geometry of the undulator [17] . The software packages OPERA 2d and 3d from Vector Fields Ltd [18] were used for the modeling studies. The results of the magnetic modeling indicate that:
• A winding with a flat shape (with the minimal radial height to width ratio) creates maximal field on-axis for a given current density. However, taking into consideration the peak field in the conductor, a square shape was found to be optimal.
• The peak field in the conductor is about twice the field on the undulator axis. The highest field in the conductor is always in the internal layers of the winding (FIG. 7) .
ASTeC-ID-041, Cockcroft-06-33, EUROTev-2006-076 wires in a layer and for 8 layers with 9 wires in a layer. The 9x8 winding operates at 86% of the critical conductor giving a safety margin of 14%. The 8x8 winding operates at 94% of the critical current and the safety margin is 6%. The prototype uses an 8×8 winding geometry as it was not possible to fit a 9-wire ribbon into the rectangular groove of the first former. Future former designs will use a trapezoidal geometry to accommodate a 9-wire ribbon. A period of 14 mm was chosen as the computer model predicted the required field could be achieved. This also allowed for a fair comparison with the PM magnet.
The undulator was wound with super-conducting wire, VACRYFLUX 5001 type F54 [19] , onto an aluminium former 20 periods long. The internal bore of the former was 4 mm and the winding bore was 6 mm. Preliminary work indicated that winding the undulator with a wire To achieve a continuous winding of two helices in one operation, two sets of pegs were used at the ends of the undulator for the return of the ribbon into the adjacent helical groove (FIG. 9) .
After winding, the undulator coil was vacuum impregnated with epoxy resin and the wires in the ribbon were interconnected at the terminal block to form the series winding.
As a result, the undulator winding forms a multi-layer, continuous, double-helical, winding with two leads for connection to a power supply. The final view of the undulator before 
III. MAGNETIC MEASUREMENTS
After fabrication of the two models magnetic field measurements were taken and these are detailed below.
A. PM Ring Undulator Measurements
The direction and magnitude of the magnetization vector for each individual block wer measured before assembly and their position in the assembly recorded. From this data the expected magnetic field was calculated with Radia. The on-axis field of the assembled magnet was measured using a conventional Hall probe measuring bench. The probe was mounted on a stiff carbon fibre shaft and aligned to the axis of the bench. The ratio of planar Hall effect coefficient to normal Hall effect coefficient for the Hall probe is a maximum of 8.10 . This means that the maximum magnetic field error will be ∼0.3 mT when measuring a zero field perpendicular to the Hall probe. Figure 11 shows the measured field, expected measurements (from the individual block data) and ideal field in the two transverse directions, x and y, respectively. First and second field integrals in the transverse directions (I x,y , J x,y ), undulator K parameters and the mean on-axis peak field neglecting the ends are given in Table II The computer modeled field is less than the ideal field due to the magnetization errors of the individual magnet blocks. As can be seen from the comparison of the ideal and computer modeled results, the magnetization vector errors can result in a decrease in the peak field strength of ∼0.15 T. As the ILC polarized positron source requires an undulator ∼200 m in length, it is important to minimize the costs of individual magnets where possible. Relaxed specifications requiring lower production costs were therefore chosen for the permanent magnets in order to ascertain whether the required field could be realised economically. The tolerance on the deviation of the magnetisation vector direction from the ideal direction was specified to be ±3
• commonly used in undulators for synchrotron light sources. Therefore the modeling indicates that high quality magnet blocks should be used if the ideal peak field is to be obtained.
The measured field is less than was expected from the computer model: this could be due to a number of effects. Although every effort was made to ensure each block was measured accurately and aligned correctly in the assembly mistakes may have been made. This is not possible to check as the blocks are now bonded together. Also, the strong demagnetizing field that blocks experience when compiling the wedges, assembling the wedges into the holders and then bringing the two arrays together has reduced their remanent field strength To accurately re-test the de-magnetization of each of the blocks would require the magnet to be disassembled and the magnetic field strength and direction of the individual blocks re-measured. However this is impractical due to the strength of the bonding and the low intrinsic strength of the individual magnet blocks, also further de-magnetization would probably occur in disassembly. Unfortunately, as no block sorting was to be performed no spare blocks were purchased on which further tests could be performed. V. This indicates that the wire interconnections have a total
Ω. The undulator field profile, measured at a current of 220 A, is shown in FIG. 15 and has the expected peak field. It was measured using a Hall probe similar to the PPM undulator measurements that was calibrated for 4 K operation by the manufacturers.
The first and second field integrals, K parameters and mean on-axis peak field are given in Table II 
IV. PHOTON FLUX AND POLARIZATION
From the measured magnetic field of the undulators the radiation spectrum and polarization can be calculated. This was done using the numeric code SPECTRA [21] and is shown in FIG. 17 for an ILC beam with parameters as given in Table III Due to interference effects, characteristic of all undulator radiation, there will be some spectral broadening in the photon spectrum due to the finite length of the undulators. The positron. This is due to the different energy and angular spread of the photons. Therefore, if the PM ring undulator was to be used it would need to be approximately 30% longer than the SC undulator to give the same positron intensity at the IP. As the degree of circular polarization is higher for the SC undulator radiation this would it would produce a higher positron polarization rate in general.
The trajectory of the electron beam through the SC undulator is significantly straighter than through the PM ring magnet. Although the values for the field integrals (Table II) In terms of operational aspects the SC undulator is also favored as the on-axis magnetic field can be controlled easily, allowing for a variable undulator K parameter if required. The SC undulator is also easy to switch off, whereas the PM ring magnet would have to have a gap control mechanism and support for the vacuum chamber in order to reduce the field on-axis to negligible levels. This is achievable but more involved than for the SC undulator.
The ability to switch off the undulators will be beneficial during the commissioning of the ILC.
Another operational aspect that is difficult to quantify but could be important is the effect of radiation damage on the permanent magnets. The exact level of background radiation is not known. The undulator will be protected by a machine protection system and upstream
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ASTeC-ID-041, Cockcroft-06-33, EUROTev-2006-076 collimators to stop gross damage but there will always be residual background radiation and beam halo particles to contend with. Radiation damage to PM undulators has been observed at the Advanced Photon Source [22] . The effects of radiation damage can be ameliorated by conditioning of the magnet, use of higher coercivity blocks, and operating the magnet at lower temperatures [23] . Operating the magnet at lower temperatures also increases the remanent field, however doing this would significantly increase the complexity of the engineering design in making sure the contraction of all the components was handled appropriately. It is not anticipated that the SC undulator would suffer from any significant radiation damage since the materials are already used in high radiation environments. This means that the SC undulator has a much lower risk of radiation damage. To achieve the required vacuum level the PM ring undulator would need significant development of NEG coating technology due to the very small aperture of the magnet. The SC undulator relies on cryo-pumping to achieve the required vacuum. Currently a round vessel a few meters in length with a ∼4 mm diameter has not been NEG coated. Coating a vessel of these dimensions would be a significant research activity in its own right. It is also unclear at the present time what the impedance effects of the NEG coating on the electron beam would be.
For all of these reasons (summarised below) the super-conducting undulator has now been selected for the ILC positron source. In summary:
• It performs better magnetically, resulting in a shorter overall length required to provide the same positron intensity.
• The field homogeneity is better, meaning that the amount of correction needed will be less and the trajectory-wander of the electron beam will also be less.
• The K factor can be adjusted and the magnet is easy to switch off.
• The SC undulator will be less susceptible to any radiation damage.
• There is a clear solution to provide the required vacuum needed for emittance preservation, requiring little further research and development.
• It has a better scope for further field enhancement since iron poles and an iron sleeve can be added relatively simply.
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• The overall capital cost of the magnet is less, (although the running cost would be higher).
Further work will look at the design of a SC undulator in more detail. The inclusion of iron poles and an iron sleeve will be considered to increase the on-axis flux. A re-optimisation of the parameters, to account for the undulator being at the 150 GeV part of the linac, will also be completed. The conductor safety margin of 86 % is also too high and the intention is to reduce this to 80 %. Although it should be noted that at no time during the experiment did the SC undulator quench. A full scale working prototype with cryostat will then be fabricated and tested with an electron beam.
